The demand for a large amount of osteogenic cells required in bone tissue engineering warranted exploration of a new source of osteoprogenitor cells. Recent studies have demonstrated that adipose-derived stromal cells possess multiple differentiation capacities, including osteogenic potential, as bone marrow mesenchymal stem cells. In the present study, the authors compared the osteogenic potentials of adipose-derived stromal cells from different anatomical sites of rabbits. Methods: Different adipose-derived stromal cells were isolated from rabbit visceral and subcutaneous adipose tissues by enzymatic digestion and in vitro differentiation into osteogenic lineage. Osteogenic markers representing differentiation potentials of adipose-derived stromal cells from different anatomical sites were compared by biochemical and immunohistochemical assessment (n ϭ 3). Results: Fibroblast-like cells were digested from both visceral and subcutaneous adipose tissues. After exposure to osteogenic differentiation medium, visceral adipose-derived cells were found to possess greater osteogenic potentials than cells isolated from subcutaneous adipose tissues, evidenced by significantly different amounts of osteogenic markers including alkaline phosphatase, osteocalcin, and mineral deposition. Conclusion: This study indicates that osteogenic potentials of adipose-derived cells vary by their anatomical sites, with visceral adipose-derived cells exhibiting higher osteogenic potential than those isolated from subcutis. However, the mechanism is still unidentified. (Plast.
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ecause of low self-regenerative ability, bone defects caused by trauma, osteosarcoma, and congenital deficiency are not usually restored spontaneously. Plastic and reconstructive surgeons conventionally fill and repair the defects using autologous tissues. 1 Because of major problems associated with autograft transplantation such as insufficient supply, donor-site injury, and surgical risks, alternative approaches have been attempted, including the use of allografts and biosynthetic substitutes. However, these substitutes are limited by their immunogenicity and inertness. [2] [3] [4] Tissueengineering strategies combining the techniques of biology, engineering, and medicine represent a promising approach for regenerating defective tissues by means of application of autologous osteoprogenitor cells. [5] [6] [7] [8] Bone marrow stromal cells, a heterogeneous cell population also known as mesenchymal stem cells, contain osteoprogenitor cells capable of differentiating into osteoblasts. 9 -14 Bone marrow is considered a main resource of osteoprogenitor cells for therapeutic purposes of bone tissue engineering because it has high differentiation potentials and low morbidity during harvesting. [15] [16] [17] However, the osteoprogenitor population tends to decrease in aged and osteoporotic humans. 18 -20 Also, excessive proliferation in vitro would significantly decrease the osteogenic potential. 21 Because a high cell density is required to yield a successful outcome of tissue engineered bone, a new source of osteoprogenitor cells would be useful as an alternative or supplement to bone marrow cells.
Recently, fibroblast-like cells with multiple differentiation potentials have been found in adi-pose tissues of several species, including humans. 22, 23 Osteogenic potentials were observed in adipose-derived stromal cells isolated from rat, mouse, and human adipose tissues under specific differentiation stimulation. The adipose-derived stromal cells are heterogeneous populations, potentially mixed with fibroblasts, adipocytes, preadipocytes, myoblasts, and epithelial and multifunctional progenitor cells. 24 It is assumed that different histomorphologies of adipose tissues located at different anatomical sites such as subcutaneous and visceral sites would cause different ratios of cell types within the mixtures, which might affect the osteogenic differentiation potentials. 25 In the present study, we enzymatically digested and isolated cells from rabbit visceral and subcutaneous adipose tissues and compared their osteogenic potentials by various histochemical and immunohistochemical techniques after in vitro osteoinductive stimulation.
MATERIALS AND METHODS

Adipose Tissue Collection and Cell Isolation
Six healthy, male, adult, New Zealand White rabbits weighing approximately 3.5 kg were killed by intravenous administration of an overdose of pentobarbital. All the procedures were performed under an animal protocol approved by the Animal Care Committee of the University of Illinois at Chicago. Immediately after the animals were killed, the abdominal fur was clipped and a sterile midline incision was made in the epigastric region of the animal, exposing the subcutaneous and visceral adipose tissues. Visceral adipose samples were harvested from the gonads. Visceral and subcutaneous fat tissues were separately and carefully dissected away and finely minced with scissors. 26 The fat tissue was washed three times with phosphate-buffered saline and centrifuged at 500 g for 5 minutes after each wash to remove contaminated tissues. The samples were digested with 0.075 wt% collagenase type I (Worthington, Lakewood, N.J.) for 45 minutes at 37°C with intermittent shaking. The tissue solution was then neutralized and filtered through a cell strainer with a pore size of 100 m to remove undigested tissues. The sample was centrifuged again and the pellet was resuspended in basic cell culture medium consisting of Dulbecco's minimal essential medium (Gibco-BRL, Carlsbad, Calif.), 10% fetal bovine serum, and 1% antibiotic/antimycotic. The harvested cells were then plated at a density of 10 6 cells per 100-mm Petri dish and cultured in basic medium at 37°C incubator with 5% carbon dioxide. Culture medium was changed every third day. On reaching 80 to 90 percent confluence, cells were trypsinized using 0.25 wt% trypsin/ethylenediaminetetraacetic acid (Gibco-BRL), and collected for the osteogenic differentiation study.
In Vitro Osteogenic Differentiation
First passage adipose-derived stromal cells were subcultured in six-well plates at a density of 10 6 cells per well and evaluated for their differentiation potential by exposing the cells to osteoinductive medium for 6 weeks. Osteogenic differentiation medium consisted of basic medium supplemented with 100 nM dexamethasone, 10 mM ␤-glycerophosphate, and 0.05 mM ascorbic acid-2-phosphate. The cells cultured in basic medium served as controls. On days 3, 7, 14, 21, 28, and 42, cells from both osteoinductive and control groups were washed twice with phosphate-buffered saline, suspended, and lysed in 1% Triton-X100 solution (Sigma, St. Louis, Mo.). The collected cells were subsequently homogenized using sonication (Dismembrator Model 100; Fisher Scientific, Pittsburgh, Pa.). Sample size was three for quantitative measurement in the present study.
Assessment of Cell Proliferation
Cell proliferation was quantitatively evaluated by fluorometric assessment of genomic DNA content using Hoechst dye 33258 (Bio-Rad Laboratories, Hercules, Calif.). The fluorescent optical density of each sample was measured using a fluorometer with an excitation wavelength of 360 nm and an emission wavelength of 460 nm. The amount of DNA in each sample was determined by using a prepared standard curve.
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Osteogenic Differentiation Potentials of Adipose-Derived Stromal Cells
Osteogenic differentiation potentials of adipose-derived stromal cells were indicated by alkaline phosphatase activity, mineral deposition of extracellular matrix, and osteocalcin content. At each defined time point, the plated cells were fixed with 10% paraformaldehyde and stained using alkaline phosphatase and von Kossa stain to evaluate osteogenic differentiation of adipose-derived cells. Alkaline phosphatase activity within cytoplasm was quantitatively measured with an alkaline phosphatase diagnostics kit (Sigma).
Extracellular matrix mineral deposition was reflected by the presence of black nodules using von Kossa staining. Under von Kossa staining, Volume 117, Number 5 • Osteogenesis of Adipose-Derived Cells darker cellular nodules have more calcium deposition in the extracellular matrix. Quantitative assessment of mineral deposition was performed on photographs of osteodifferentiated adiposederived stromal cells stained with von Kossa dye. An image of stained differentiated adipose-derived stromal cells was captured by a computerconnected digital camera for each experimental group. Using Adobe Photoshop software (Adobe Systems, San Jose, Calif.) and a gray-scale setting, the experimental samples were quantified and compared with the controls. Absolute white represents 0 percent mineral deposition, whereas pure black represents 100 percent. More than 10 areas, randomly selected by the software, were selected and analyzed for darkness. Osteocalcin as a late bone turnover marker only secreted by terminally differentiated osteoblasts was quantitatively measured by an osteocalcin enzyme-linked immunosorbent assay kit (Quidel Co., San Diego, Calif). All procedures were performed according to the manufacturer's protocols.
Statistical Analysis
All data were expressed as mean Ϯ SD. The data were analyzed by one-way analysis of variance and Bonferroni post hoc was used to compare the various parameters, with a value of p Ͻ 0.05 indicating significance.
RESULTS
During tissue processing, macroscopically dissected visceral fat pads showed more vasculature, indicated by numerous blood vessels, as compared with subcutaneous fat pads. A larger fibrous tissue fraction was observed and eliminated in minced subcutaneous fat pads. Fibroblast-like cells were isolated from rabbit visceral and subcutaneous adipose tissues (Figs. 1, above, left and 2, above, left) . When plated and cultured in osteogenic medium, changes in cell shape after 4 days were observed. Microscopically, cells changed from an elongated fibroblastic appearance to a more round, cuboidal shape. After treatment with osteogenic differentiation medium, both visceral adipose-derived cells and subcutaneous adipose-derived cells proliferated and reached high confluence in monolayer culture, and cellular nodules were formed (Figs. 1, above, right and 2, above, right). After 1 week of osteogenic differentiation stimulation, microscopic differences in cellular nodule density were observed between visceral adipose-derived cells and subcutaneous adipose-derived cells, visceral adipose-derived cells forming apparently a higher population of cellular nodules than subcutaneous adipose-derived cells (Figs. 1, above, right and 2, above, right). At 2 weeks, visceral adipose-derived cells expressed an intense positive reaction to alkaline phosphatase staining (Fig. 1, center, right) , and by the fourth week, well-defined nodules of mineral deposition were observed by positive von Kossa staining (Fig. 1, below, right) . By contrast, corresponding control visceral adipose-derived cells exposed to basic medium showed mostly negative reactions to alkaline phosphatase and von Kossa staining at weeks 2 and 4 ( Fig. 1, center, left  and below, left, respectively) . Subcutaneous adipose-derived cells exposed to osteogenic differentiation medium exhibited weak positive reaction to alkaline phosphatase and von Kossa staining compared with visceral adipose-derived cells after 2 and 4 weeks (Fig. 2, center, right and below, right) . Corresponding control subcutaneous adipose-derived cells exposed to basic medium also exhibited mostly negative reactions to alkaline phosphatase and von Kossa staining after the same time periods (Fig. 2, center, left and right, respectively) .
The adipose-derived cells' proliferation rate represented by quantitative DNA contents revealed that subcutaneous adipose-derived cells proliferate faster than visceral adipose-derived cells in both osteogenic and basic medium. Both visceral adipose-derived cells and subcutaneous adipose-derived cells showed higher proliferation rates after treatment with osteogenic medium compared with those exposed to basic medium (Fig. 3) . Intracellular alkaline phosphatase activity of visceral adipose-derived cells under treatment with osteogenic differentiation medium increased over time, peaking at 2 weeks and then declining gradually. Consistent with qualitative observations, alkaline phosphatase activity was significantly higher than that of cells treated with basic medium at 2, 3, and 4 weeks of culture (Fig. 4) . However, subcutaneous adipose-derived cells presented no significant difference of alkaline phosphatase activity after exposure to osteogenic differentiation medium compared with the subcutaneous adipose-derived cells treated with basic medium. The amount of alkaline phosphatase activity of osteogenic differentiated subcutaneous adipose-derived cells was significantly lower than that of corresponding visceral adipose-derived cells (Fig. 4) .
The osteocalcin content of 0.24 and 0.42 ng/g DNA for visceral adipose-derived cells treated with osteoinductive medium was quantitatively measured by enzyme-linked immunosorbent assay at weeks 4 and 6, respectively, in com- Plastic and Reconstructive Surgery • April 15, 2006 parison with undetectable osteocalcin amounts in the cells treated with basic medium. However, osteocalcin content of subcutaneous adipose-derived cells exposed to osteogenic medium was undetectable also after 4 weeks and only 0.12 (ng/g DNA) after 6 weeks of differentiation, values that were significantly lower than those of visceral adipose-derived cells exposed to osteogenic medium. Like visceral adipose-derived cells exposed to the basic medium, the osteocalcin content of corresponding subcutaneous adipose-derived cells were undetectable after 4 and 6 weeks (Fig.  5) .
Mineral deposition was observed in rabbit adipose-derived cells 4 weeks after exposure to the osteogenic medium (Fig. 6) . The well-defined nodules of mineral deposition stained by von Kossa were observed in both visceral adipose-derived cells and subcutaneous adipose-derived cells exposed to osteogenic medium. No color change was found in the adipose-derived cells treated with basic medium under von Kossa staining (Fig. 6) . By computing the intensity of the darkness of von Kossa staining, visceral adipose-derived cells of osteogenic differentiation possessed a significantly higher content of mineral deposition (35.25 Ϯ 6.36 percent) than that of subcutaneous adiposederived cells (15.16 Ϯ 3.51 percent) and cells treated with basic media (8.33 Ϯ 1.55 percent and 7.58 Ϯ 2.23 percent, respectively) (Fig. 7) .
DISCUSSION
The present study compared the osteogenic differentiation potentials of adipose-derived stromal cells harvested from different anatomical sites, namely, viscus and subcutis. This study dem- Fig. 3 . Proliferation rates of rabbit adipose-derived cells after exposure to osteogenic medium. Both subcutaneous adipose-derived cells (filled squares) and visceral adipose-derived cells (filled circles) exposed to osteogenic medium proliferated faster than those corresponding groups exposed to basic medium (open squares and open circles represent subcutaneous adipose-derived cells and visceral adipose-derived cells in basic medium, respectively). ***p Ͻ 0.01, osteogenic differentiated subcutaneous adiposederived cells versus all other groups at the same time point (n ϭ 3); **p Ͻ 0.05, osteogenic differentiated visceral adipose-derived cells versus the control group exposed to basic medium at the same time point (n ϭ 3); *p Ͻ 0.05, subcutaneous adipose-derived cells versus visceral adipose-derived cells both in basic medium without osteogenic supplements at the same time point (n ϭ 3).
Volume 117, Number 5 • Osteogenesis of Adipose-Derived Cells onstrated that, after exposure to osteogenic differentiation medium, visceral adipose-derived cells exhibited significantly higher osteogenic potentials than those isolated from subcutaneous adipose tissue, whereas the cell proliferation rate was slower. Although the mechanism is unknown, it probably could be explained by histologic characteristics of adipose tissues located at different anatomical sites, specifically, the visceral adipose containing more vascular supplies and less fibrous encapsulation compared with subcutaneous adipose. These factors might contribute to the different populations of osteoprogenitor cells isolated from these adipose tissues, resulting in different potentials of osteogenesis.
Lennon et al. revealed that bone marrow-derived stromal cells would lose or decrease their osteogenic differentiation potentials if they mixed with dermal fibroblasts. 25 This indicated that the population of osteoprogenitor cells within heterogeneous cells critically influences their differentiation functions. This finding probably could be used to explain why the subcutaneous adiposederived cells possessed lower osteogenic differentiation potential than that of cells isolated from visceral tissue. Although adipose-derived stromal cells were recently demonstrated to possess multiple differentiation potentials including osteogenic potential, the process of adipose-derived stromal cell isolation was not able to select the multiple functional cells from adipose tissue. More fibrous tissue mixed in subcutaneous adipose tissue results in more populations of fibroblasts within adipose-derived stromal cells than that from visceral adipose. We observed in another parallel study (unpublished data) that the proliferation rate of subcutaneous fibroblasts was much higher than that of osteoprogenitor cells isolated from bone marrow. Subcutaneous adipose-derived cells containing more fibroblasts than were isolated from visceral adipose also could be evidenced by its higher cell proliferation rate. The osteogenic potential was assessed by measuring osteogenic markers normalized on the cell amount. Thus, highly proliferative cells of subcutaneous adipose-derived cells likely resulted in a much lower osteogenic potential. We assumed that an original high population of fibroblasts within the heterogeneous cells isolated from subcutaneous adipose-derived cells increased after a The difference in osteogenic potentials of visceral and subcutaneous adipose-derived cells could also be attributed to the difference in the tissue vasculature. The better the blood supply present in visceral adipose tissue, the higher the population of osteoprogenitor cells within the harvested heterogeneous cells. Microvascular pericytes have been demonstrated to potentially serve the role of multipotential bone marrow stromal cells, 28, 29 expressing type I collagen, alkaline phosphatase enzyme activity, and osteocalcin immunoreactivity under osteogenic differentiation. 29 Also, bone marrow stromal cells existing in the circulation might contribute to the difference of multiple functional cell populations in these two types of adipose tissue. 30 Accordingly, although the mechanism needs to be further studied, different histologic characteristics caused by anatomical site vary the osteogenic potentials of adipose-derived stromal cells. This study indicates that a critical process for purifying osteoprogenitor cells from heterogeneous cells digested from adipose tissue with the long-term aim of exploring Volume 117, Number 5 • Osteogenesis of Adipose-Derived Cells adipose-derived cells as a cell resource for bone tissue engineering and regeneration is needed.
